Safe-Range-Inventory (SRI)

This paper is “in press” (Transportation Research Part F: Psychology and Behaviour)

The Safe-Range-Inventory (SRI):
An assistance tool for optimizing the charging infrastructure for

electric vehicles

Claus-Christian Carbon!?%" & Fabian Gebauer??3

1University of Bamberg
Department of General Psychology and Methodology
Markusplatz 3, D-96047 Bamberg, Germany
?Bamberg Graduate School of Affective and Cognitive Sciences,
Markusplatz 3, D-96047 Bamberg, Germany
3Forschungsgruppe EPZAG (Ergonomie, Psychologische /Esthetik, Gestalt)

Markusplatz 3, D-96047 Bamberg, Germany

“correspondence: ccc@experimental-psychology.com



Safe-Range-Inventory (SRI) 2

Abstract

Electric Vehicles (EVs) are propagated as an essential solution for reducing the carbon footprint
of traffic activities. One essential barrier to the adoption of electromobility strategies in
everyday life is the very limited driving range of typical EVs. A dense and reliable network of
electric charging stations would enable safer and longer ranges. Modern fast-charging
technologies provide additional possibilities to tactically and quickly re-charge EVs, but high
implementation costs make it necessary to establish a mixed infrastructure consisting of cheap-
but-slow and expensive-but-fast charging stations. We utilized the so-called Safe-Range-
Inventory (SRI), a multidimensional assessment tool for capturing multi-facets of subjective
range safety assessments. Using scenarios with different infrastructure settings, we revealed
that the addition of just one fast-charging option drastically lowers range anxiety even under
relatively short emergency range conditions. Additional fast-charging options did not have
strong positive effects on the assessments but would amass very high costs. The SRI can assist
in the planning of electric charging infrastructures in order to find the right balance between

range safety and installation and maintenance costs.
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1. Introduction

Since the “Kyoto Protocol to the United Nations Framework Convention on Climate Change”,
now just known as the Kyoto Protocol—an international treaty from 1997 which has been
signed by nearly all nations worldwide—there has been global pressure (Bohringer, 2003), and
also quite a substantial effort, to reduce carbon footprints: within the public transport system
(Grunewald & Martinez-Zarzoso, 2016). The measures to reach such a goal are manifold; in
the traffic area, most of the attention is directed towards (a) the increase of efficacy, (b)
alternative energy sources, wherein the development and implementation of suitable battery-
driven electric vehicles (EVs) has been the main focus (Lindly & Haskew, 2002)—we now
commonly label this mobility sector “electromobility”” (e-mobility).
Despite sophisticated and appealing EV models now having been on display for a while
with
¢ low noise emission (Yao, Wang, Song, & Zhang, 2014),
e potentially zero emission (Gerssen-Gondelach & Faaij, 2012),
e sometimes breathtaking acceleration rates, low energy consumption (for
instance according to the nowadays established New European Driving Cycle,
abbreviated NEDC) (Gerssen-Gondelach & Faaij, 2012),
e zero emission potential when renewable energy sources are used (Gerssen-
Gondelach & Faaij, 2012)
o relatively low well-to-wheel greenhouse gas emissions compared to regular
petrol cars (e.g., below 70 g CO, km™ if electricity for EV charging would
largely be generated using natural gas) (van Vliet, Brouwer, Kuramochi, van

den Broek, & Faaij, 2011),

1 Total amount of greenhouse gases produced by human activities and expressed in tons of carbon dioxide
(CO2).
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e other plus points such as privileged ways of travelling (e.g., on bus or express
lanes, see, Fontes et al., 2014),
EVs still face clear acceptance problems with most people (Tamor, Moraal, Reprogle, &
Milacic, 2015).

The main reasons for this reluctance to adopt an electric-powered strategy are mostly
related to the price of EVs (Junquera, Moreno, & Alvarez, 2016) and, especially, the limited
driving range typically available for EVs (Franke, Neumann, Buhler, Cocron, & Krems, 2012).
On the one hand the typical low range, which for most EVs is currently limited to approximately
160 km per full charge (focusing on non-luxury-cars, Ellingsen, Singh, & Stromman, 2016),
prevents less complicated travelling of long distances. It is quite interesting to note that most
drivers do not travel such long distances by car at all or do so quite rarely — most range needs
are accommodated by that 160 km limit (Franke & Krems, 2013; Pearre, Kempton, Guensler,
& Elango, 2011)2 — but many people who are skeptical towards e-mobility quite frequently
assert their strong view that much longer distance capabilities are needed (Dimitropoulos,
Rietveld, & van Ommeren, 2011). This typical psychological effect is based on a variety of
outcomes which cannot be easily compensated for by simply arguing against them — mostly
people are just not accustomed to running a car until the end of its energy reserves (e.g., near-
to-empty fuel) and so they interpret even a quite high mileage as a threat (Kurani, Turrentine,
& Sperling, 1994). People typically also over-estimate the number of long-distance trips and
also overemphasize the need to reach every destination with one single vehicle (for instance
their own car). This makes them rather inflexible in changing their travel strategy. Furthermore,

they tend to be overly anxious about the potential consequences of a car breakdown caused by

2 According to a recent study conducted in Germany by the NGO Oko-Institut, even a 100 km limit is sufficient
in 95 % of the cases making up a typical day (see Franke & Krems, 2013). These data have been replicated in
other cultural contexts, e.g. by the FP7 research project “Grid for Vehicles” (G4V)—see for details Bunzeck,
Feenstra, and Paukovic (2011). A comprehensive overview of the range needs in different countries and on
different days of the week is shown on Table 1 inFranke and Krems (2013).
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an empty batterys. Accordingly, even extended ranges realized by specific charging strategies
do often cause the typical “range anxiety”. Therefore, and from a psychological perspective,
range anxiety is defined as “a stressful experience of a present or anticipated range situation,
whereby the range resources and personal resources available to effectively manage the
situation (e.g., increase available range) are perceived to be insufficient.” (Rauh, Franke, &
Krems, 2015, p. 2)

One option that consumers often have in mind is to increase the range, for instance, (1)
by adding battery capacity or (2) by supplementing the electric engine with a conventional
(fossil) fuel-driven one. Both ideas are only of limited value as the efficiency of the system
decreases with increasing battery capacity and potentially increasing complexity of components
(Jensen, Schaltz, Koustrup, Andreasen, & Kaer, 2013); also due to greater weight and / or
extremely lengthened charging processes, increasing batteries additionally reduces the overall
space of a car and scales up the costs of production and maintenance significantly.
Supplemental fuel-driven engines can certainly extend the range, but they run counter to the
idea of reducing the mechanical complexity of the overall concept. Moreover, the extra system
again increases overall weight and, during activity of that supplemental system, the car
produces problematic exhaust gas pollution.

Another option, especially for all-battery electric vehicles, is to implement and run a
charging infrastructure that is dense enough to give sufficient opportunities to recharge at any
time. This was found to be an important factor in increasing consumer willingness to buy a new
EV (Junquera et al., 2016). Here, costs and usage frequency have to be balanced to be able to

establish an economically sound infrastructure (Maia, Teicher, & Meyboom, 2015).

When it comes to the concrete act of charging an EV, there is a further hurdle to be faced

on the path of achieving e-mobility acceptance (Flores, Shaffer, & Brouwer, 2016). Even those

3 The term “battery” is not validly applicable here as it is not a battery but an accumulator —a rechargeable cell
—that is used. Despite this incorrect usage of the term, battery is nevertheless used by most people in any case.
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who do fully accept the limited range as a given and not changeable property fear the high time
costs of charging (Philipsen, Schmidt, van Heek, & Ziefle, 2016). Indeed people criticized
excessively long charging times, especially when the EV is plugged into the typical single-
phase 3.7 kW-230 V household socket system where it takes 8 hours or more for a longer
distance EV (Gebauer, Vilimek, Keinath, & Carbon, 2016) such as the current BMW i3 model
(generation 101) to recharge. Such a long charging time is in fact only realizable when we aim
to using the car not for the next few hours (e.g. when charging the EV overnight). With such
horror scenarios of ultra-long charging times during a trip in mind, e-mobility clearly appears
to be unattractive for many people. This could certainly be changed by using sophisticated fast-
charging alternatives, now available in many areas where e-mobility has already taken hold,
e.g., by charging with triple phase AC up to 43 kW or by DC quick charge technology of up to
500 V with a power output of 50 kW or even 120 kW. Such sophisticated fast-charging stations
even allow the full charging of a very long-running Tesla S with the largest available battery
pack (i.e. 85 kwh) in less than an hour; alternative fast-charging technology, for instance in
form of 50 kW DC charging, enables the full charging of a BMW i3 in approximately half an

hour.

Although the benefits of fast-charging are very clear regarding improved mobility, the
costs of establishing fast-charging stations are extremely high (Li & Ouyang, 2011) which
makes it necessary to optimize the number of such stations. For example, the mere material
costs for a public DC fast-charging station are about 40,000-75,000 US$, whereas a public AC
conventional-charging station costs about 4,000-7,500 US$ (Schroeder & Traber, 2012).
Therefore, an effective balance between slower-but-more-cost-efficient and faster-but-more-
cost-intensive stations seems most promising in this respect. Such a mixed infrastructure should
certainly accommodate economic realities as well as users’ needs for reducing aspects of safe
range anxiety—this follows the straight-forward idea that only an infrastructure which allows

for reliable travelling from A to B will be appreciated and accepted (Philipsen et al., 2016).
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Importantly, we will set criterion for such “reliable travelling” strictly on a psychological basis
and not on simple calculation models optimizing time x costs factors, because acceptance of a
technical system mainly comes from a personal assessment and not from logical reasoning (see

Gattol, Saaksjarvi, & Carbon, 2011).

The present study

Previous research about the dynamics of measuring range anxiety and infrastructural needs
focused on sophisticated GPS-based survey data (Dong, Liu, & Lin, 2014), range-related costs
of, e.g., batteries (Lin, 2014) or plug-in hybrid electric vehicles (Kontou, Yin, & Lin, 2015).
Here we present a powerful tool in the form of an easy-to-implement inventory, which refers to
a psychological test where participants fill out a survey that assesses psychological safe ranges
in a multi-faceted way for battery electric vehicles. The main idea is based on a two-dimensional
grid reflecting psychophysical relations between physical ranges and a variety of indicators for
feelings of safety. The entire set of utilized psychophysical variables makes up the so-called
“Safe-Range-Inventory” (SRI) which is tested in the context of different concrete scenarios of
charging infrastructures where different types and combinations of charging stations are
portrayed. Specific scenarios are employed to increase the possibility to imagine a situation and
thus ease-up the elaboration and understanding of such situations which assists the users in
answering the items in a valid way (Carbon & Leder, 2005, 2007). The use of grid technique
enables the efficient data collection of various psychophysical datasets without the necessity of
asking hundreds of respective questions, which would lead to low participation rates,
participants’ fatigue, and ultimately invalid data. SRI covers a variety of aspects concerning

safe range assessments including anxiety as well as comfort factors.

2. Methodology

2.1  Participants
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One hundred and five persons volunteered in our study. We recruited them from all over
Germany via a variety of means (e.g., through newspaper advertising, internet forum or mailing
lists from e-mobility clubs). All of them were regular electric vehicle users; eight participants
had to be removed from further analysis due to incomplete filling in of the questionnaire, with
ninety-seven participants remaining (81 male; Mage = 46.3 years, SD = 12.1). 62.2% of the
remaining persons reported that they had used fast-charging technologies at least once before.
We tested the volunteers in their home base areas, so we travelled to them for letting them
participate in our study. This recruitment and testing policy allowed for the testing of persons
from a variety of locations, mainly situated in Bavaria (in the south around Munich, in the north
around Nuremberg), in Hesse (around the Frankfurt metropolitan area) and in North Rhine-
Westphalia (around the Ruhr region). After having completed the experiment, participants

received € 20 in compensation.

2.2  Stimulus & Apparatus

We used five different scenarios of an electric charging infrastructure along a fictitious route.
The scenarios systematically differed in terms of the number as well as the composition of fast
(specific charging times were calculated on typical 50 kW DC technology) vs. slow (specific
charging times were based on typical 4.7 kW AC technology) charging stations following a

scheme of ascending quality of the charging infrastructure:

a) 0 fast and 0 slow charging stations; so no charging station available at all along the
entire route (OF[ast]-0S[slow]),

b) 0 fast and 3 slow charging stations (OF-3S),

c) 1 fastand 2 slow charging stations (1F-2S),

d) 2 fastand 1 slow charging stations (2F-1S),

e) 3 fastand 0 slow charging stations (3F-0S).
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Every condition was accompanied by a map visualizing the route and the points where charging
stations were available (see Figure 1) just to illustrate the different scenarios in order to support

the participants’ mental images of them.

a) OF-0S

Start

Ziel

b) 0F'3S AC-Charging C) IF‘ZS

AC-Charging

DC-Charging

Start

AC-Charging

AC-Charging

Ziel Ziel

d) 2F-1S AC-Charging e) 3F-0S DC-Charging

DC-Charging

DC-Charging

Start
30 km 30 km

DC-Charging DC-Charging

Ziel Ziel

Figure 1. Depiction of the five different scenarios as shown to the participants.
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Each scenario was accompanied by a written description (originally given in German) of the
scenario based on typical everyday-life events and typical everyday-life requirements. It
consisted of two parts: a standardized introductory part that was the same for all scenarios:
“Imagine you are in a city and you have an appointment that you want to arrive punctually for.
You have to take the route displayed below, which is approximately 60 km long. The traffic is
at a daily average level and you need not expect any roadworks or traffic jams. You are driving
with your own electric vehicle without a range extender.”

This first part was followed by a scenario-specific text part defining the charging
infrastructure along the route. As extra information, the nature of fast- vs. slow-charging
technology was explained in the following way: a) fast-charging: “Charging at a fast-charging
station (with DC technology) takes 20 minutes to recharge an electric vehicle’s nearly empty
battery up to 80%”; b) slow-charging: “Charging at a slow, conventional charging station (with
AC technology) takes 6 to 8 hours to recharge an electric vehicle’s nearly empty battery up to
80%”.

After having elaborated upon each scenario, the participants were asked to express their
assessment on different facets of range safety / anxiety by means of the so-called Safe-Range-
Inventory, which we have constructed as a multi-faceted assessment tool based on bi-axial
grids. The x-axis of these grids always presents the electric vehicle’s remaining range at the
start of the trip (for an example see Figure 2). The meaning of the y-axes across the inventory’s
items was changed to capture range safety / anxiety in a multi-faceted way (1% facet: | am
concerned whether | will reach my destination; 2" facet: | am not worried about my EV's range
along this route, 3" facet: | am sure that | will reach my destination with my EV on time.). We
chose these facets in order to measure general concerns with the EV’s range (1° facet), to have
valid data on a reversed item (2" facet) and to measure whether fast and slow-charging stations
might affect participant’s concerns about punctuality (3™ facet). For usability reasons, we

always utilized the same 6-points Likert scale for the y-axis where the end points were
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operationalized as “1 = do not agree at all” and “6 = fully agree”. The grid structure (see Figure
2) allows for an economic and usable assessment as each grid actually represents a number of
items, in the given case 10 single items regarding assessments for the remaining ranges between
45 km and 90 km in steps of 5 km. This specific arrangement of items within a grid helps the
participant to reduce the cognitive effort and time required to complete the assessment. This
helps to broaden-up the whole perspective to a multi-faceted one where different dimensions
of range safety / anxiety can be assessed. The grid idea is based on established grid-assessment
tools in general (Fransella, Bell, & Bannister, 2004), typically used in customer (Lemke, Clark,
& Wilson, 2011) as well as emotional research, e.g. (Stevens & Levi, 2013), and in particular
on the so-called Response Grid for EV users introduced by Franke, Gunther, Trantow, Rauh,

and Krems (2015).

I am concerned that I will reach my destination
Fully agree & ¥
5 *
4 »
3 ®
2 *
Do not agree X x b X X
atall 45km  S0km 55km 60km 63km TOkm T75km B0km 85km  90km
Remaining range shows ... km.

Figure 2. An example of a fictional grid from the Safe-Range-Inventory (SRI) referring to the facet concerns about
reaching the destination. Participants simply had to tick their assessment for each remaining range (at the start of their

trip).

The logic of the SRI’s facets is to relate specific subjective concerns to remaining driving

ranges. By the use of bi-axial measurements, participants are asked to assess single facets such
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as “I am concerned whether 7 will reach my destination” in relation to the actual driving range.
Each facet related to the very same 6-point Likert scale (1 = do not agree at all, 6 = fully agree),
depicted on the y-axis. The remaining driving range was depicted on the x-axis with a range
from 45 km to 90 km (see Figure 2). Before rating the items, participants were additionally
instructed about how to fill in the bi-axial measurement by reading the following passage:

“The horizontal axis (x-axis) displays the remaining range your electric vehicle has before you
start the trip. Please mark points or draw a line that best describes how your attitudes change

depending on the remaining range of your vehicle.”

2.3 Procedure

Every participant had to specify his or her range anxiety under five different conditions
reflecting different facets of range safety / anxiety. First, participants’ task under every
condition was to imagine traveling a distance of 60 kilometres (approx. 37 miles) with an
electric vehicle. Each condition was distinguished only by the amount of available fast charging
stations and conventional charging stations, respectively. The conditions were shown in a fixed
order (see Table 1; for details see material section). After participants had answered all items
under each condition, the experiment was finished. The whole procedure took about 10-15
minutes. We conducted the study from June until July 2014 when less than 20,000 all-electric
vehicles had been registered by the Kraftfahrt-Bundesamt (KBA; i.e. Federal Motor Transport
Authority) in Germany, which equals a percentage of about 0.05% of the total — about 44

million — registered cars in Germany (Kraftfahrt-Bundesamt (KBA), 2015).

3. Results

For each facet we calculated an ANOVA for repeated measures using the within-subject factors

condition (OF-0S; OF-3S; 1F-2S; 2F-1S; 3F-0S) x remaining range (45 km - 90 km; in steps of
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5 km). Therefore, we regressed scores made in every facet onto condition, remaining range,
and their interaction. Results are provided facet by facet below. Note that we will concentrate
on the comparison of each condition. A detailed analysis of variance within each single

condition can be found in Table 1 and under Appendix A.

1%t facet: | am concerned whether | will reach my destination

Analysis revealed a main effect for condition, F(4, 93) = 74.79, p <.001, n? = .76, remaining
range, F(9, 88) = 74.79, p < .001, ny% = .70, and — most importantly — their interaction, F(34,
63) = 74.79, p < .001, ny% = .90. Pairwise comparisons (Bonferroni corrected; see for details
Table 1) showed that under a low remaining range status at the beginning of the trip (45 km)
the addition of charging stations, independently of fast or slow recharging ones (OF-3S; 1F-2S;
2F-1S; 3F-0S), significantly decreased participants’ concerns about reaching their destination
in comparison to the no-charging-station condition (OF-0S), all ts> 10.85 and ps<.001 (Figure
3). Furthermore, comparing the 0 fast and 3 slow charging stations condition (OF-3S) to the
conditions wherein fast-charging stations were installed (1F-2S; 2F-1S; 3F-0S) revealed an
additional reduction of participants’ concerns about reaching their destination with an EV, all
ts > 4.34 and ps < .001. Analysis between the three fast-charging conditions uncovered that
only the 3F-0S condition significantly decreased participants’ concerns compared to the 1F-2S
condition, t(96) = 2.91, p = .045, and the 2F-1S condition, marginally t(96) = 2.80, p = .062.
However, there was no effect comparing the 1F-2S condition to the 2F-1S condition, t(96) =

0.33, p = .62.

Using pairwise comparisons (Bonferroni corrected) under a remaining range status that
was equal to the length of the route to be taken (60 km), results showed a similar pattern of
effects. First, all other charging conditions again decreased participants’ concerns about

reaching their destination in comparison to the no-charging-station condition (OF-0S), all ts>
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9.02 and ps<.001. Second, comparing the OF-3S condition to fast-charging conditions decreased
participants’ concerns about reaching their destination for the 1F-2S condition, marginally t(96)
= 2.31, p = .070, the 2F-1S, t(96) = 3.13, p = .003, and the 3F-0S condition, t(96) = 5.29, p <
.001. Analysis between the three fast-charging conditions uncovered that only the 3F-0S
condition significantly decreased participants’ concerns compared to the 1F-2S condition, t(96)
=3.37, p =.011, and the 2F-1S condition, t(96) = 2.99, p = .035. However, there was no effect

comparing the 1F-2S condition to the 2F-1S condition, t(96) = 0.65, p > .10.

All effects were diminished when the remaining range status was higher (here 90 km) than the

length of the route (60 km) to be taken (for an overview the Figure 3).

. . 15t facet: I am concerned that I will reach my destination
ully agree 6

---m-- OF-0S
N
"""" n =4 OF-38
5 - T
l - 1F-S2
-, =¥ 2F-1S
4
u
—e—3F-0S
3 A L
= -
% DS S n
2 Sz e - Ao
—_ “:%::‘% e Lo
o S=2 “h~o_ . TTHE..
\.\ T¥==<o gt S W
Do not L] ® %—--.--.%—--— --'tﬂ
agree at all ! ! ! ! !
45 50 55 60 65 70 75 80 85 20

Remaining range shows ... km

Figure 3. Results from the Safe-Range-Inventory (SRI) referring to the facet concerns about reaching the destination.
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2" facet: | am not worried about my EV'’s range along this route
The same analysis procedure was used as in the 1% facet.

An ANOVA for repeated measurements revealed a main effect for condition, F(4, 93)
=52.29, p <.001, np?= .69, remaining range, F(9, 88) = 22.65, p < .001, ny% = .70, and, most
importantly, their interaction, F(34, 63) = 13.06, p < .001, np?= .89. Pairwise comparisons
(Bonferroni corrected) showed that if the remaining range status was lower (45 km) than the
length of the route to be taken (60 km), the addition of charging stations — regardless of whether
they were fast or slow (OF-3S; 1F-2S; 2F-1S; 3F-0S) — significantly decreased participants’
concerns about the EV’s range during the trip compared to the no-charging-station condition
(OF-0S), all ts > 6.88 and ps < .001. Furthermore, compared with the slow-charging condition
(OF-3S), analysis revealed that participants would also be more confident in reaching their
destination on time using their EVs under the fast-charging conditions (1F-2S; 2F-1S; 3F-0S),
all ts > 5.42 and ps < .001. By analyzing the three fast-charging conditions, results showed no
significant influence on participants’ concerns about the EV’s range during the trip under any

condition, all ts< 1.35 and ps > .10.

Using pairwise comparisons (Bonferroni corrected) under a remaining range status that
was equal to the length of the route to be taken (60 km) revealed a very similar pattern of results.
Having any kind of charging station along the route decreased participants’ concerns, all ts >
7.33 and ps < .001. Additionally, the fast-charging conditions (1F-2S; 2F-1S; 3F-0S) decreased
participants’ concerns compared to the slow-charging-station condition (OF-3S), all ts > 3.46
and ps < .011. Analysis between the three fast-charging conditions again revealed no significant
influence on participants’ concerns about the EV’s range along the route under any condition,

all ts< 1.73 and ps > .10.
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Similar to the 1%, all effects were diminished when the remaining range status was
higher (here 90 km) than the length of the route (60 km) to be taken (for an overview see Figure

4)

2vd facet: I will not be worried about my EV’s range along this trip
Fully agree 6 - N

o ———%--" = Shisbet TRl slininf Ll
'/ -z~ _ AT e | )
._/ == %’ ’k - -“.'.
* _ -k~ s
_A”
A~ - . e OE0S
4 _
k- -
— i 0E3S
3 . -~ 1F-82
== 2F-18
.
2 | u-.."" +3F-OS
........ -
Do not
agree at all T . | |
45 50 55 60 65 70 75 80 85 00

Remaining range shows ... km

Figure 4. Results from the Safe-Range-Inventory (SRI) referring to the facet worrying about the EV’s range during the
trip.

3" facet: | am sure that | will reach my destination with my EV on time

Again we used the same analysis procedure as in the previous facetsa.

An ANOVA for repeated measures revealed a main effect for condition, F(4, 90) = 52.29, p
<.001, np?= .62, remaining range, F(9, 88) = 37.46, p < .001, n,? = .80, and their interaction,

F(34, 63) = 7.80, p < .001, 1,2= .83.

Pairwise comparisons (Bonferroni corrected) showed that if the remaining range status was

lower (45 km) than the distance of the route to be taken (60 km), the addition of charging

4 Three participants did in addition not fill in this item and were therefore not included in our analysis.
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stations, independently of their being fast or slow (OF-3S; 1F-2S; 2F-1S; 3F-0S), significantly
increased participants’ belief in reaching their destination on time compared to the no-charging-

station condition (OF-0S), all ts > 6.81 and ps < .001.

Furthermore, in comparing the slow-charging condition (OF-3S) to the fast-charging conditions
(1F-2S; 2F-1S; 3F-0S), analysis revealed that participants would also be more confident in
reaching their destination on time using their EV, all ts > 5.99 and ps < .001. By analyzing the
three fast-charging conditions, results showed no significant influence on participants’

confidence in being on time with their EV under any condition, all ts < 1.29 and ps > .10.

We revealed the same pattern of results when the remaining range status was equal to the length
of the planned route (60 km). Having any kind of charging station along the trip, increased
participants’ confidence to be on time, all ts > 5.74 and ps < .001. Additionally, the fast-
charging conditions (1F-2S; 2F-1S; 3F-0S) decreased participants’ worrying compared to the
slow-charging station condition (OF-3S), all ts > 4.10 and ps < .001. Analysis between the three
fast-charging conditions revealed, again, no significant influence on participants’ confidence to

be on time using their EV under any condition, all ts< 1.67 and ps > .10.

As in the other facets before, all effects were diminished when the remaining range
status was higher (here 90 km) than the length of the route (60 km) to be taken (for an overview

see Figure 5)
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Fully agree 6 -
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Figure 5. Results from the Safe-Range-Inventory (SRI) referring to the facet to reach the destination with an EV on time.

4. Discussion on specific results

By using the three facets introduced in the Safe Range Inventory, we were able to estimate and
predict certain cut-off point where different combinations of charging station (fast vs. slow)
were particularly useful to reduce EV users range anxiety. Results showed that when the
remaining range status was lower than the length of the planned route, participants’ range
anxiety was reduced by any type and combination of charging station. Fast-charging stations,
however, were particularly useful in decreasing EV drivers’ concerns when the remaining range
was quite small—in other cases, the exchange of just one slow-charging station with one fast-
charging station seemed to be sufficient to reduce the driver’s range anxiety. Slow-charging
stations reduced range anxiety too, but only when the remaining range was above the distance

to be traveled.s

s Even with 55 km or less available for a 60 km trip and no charging opportunities (Figure 3), some of the EV
drivers remain confident they will reach their destination. When we confronted participants with this
seemingly contradictory information, they almost always responded that the display of remaining ranging
within their experience with EV is never 100% correct. From their experience, even if the remaining range is
virtually zero they still have 10-15 km left to drive—and mostly they use this rest consequently.
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Table 1. Showing statistical analysis comparing each condition against the other within every facet and depending on the status of remaining range. Maifr = mean difference, SE = standard
error of the mean, d = Cohen’s d effect size. *** p <.001, ** p <.01, * p <.05 (Bonferroni corrected).

Remaining Range

Remaining Range

Remaining Range

45 50 55
Condition OF-3S 1F-28 2F-1S 3F-0S OF-3S 1F-2S 2F-1S 3F-0S OF-3S 1F-2S 2F-1S 3F-0S
Mdiff  SE d Mdff  SE d Mdff  SE d Mdff  SE d Mdff  SE d Mdiff  SE d Mdff  SE d Mdiff  SE d Mdiff  SE d Madiff  SE d Mdiff  SE d Madiff  SE d
OF-0S 2.52**%* 0.23 1.39  3.40*** 0.21 2.14 3.44*** 0.21 215 3.91*** 0.18 2.97 2.54*** 0.22 1.27  3.30*** 0.20 1.37  3.39*** 0.22 215 3.79*** 0.18 2.92 2.38*** 0.21 1.27 2.89*** 0.20 1.73  2.95*** 0.20 1.80  3.40*** 0.19 2.50
Facet 1: OF-3S 0.88*** 0.20 0.43  0.92*** 0.20 0.45 1.38*** 0.22 0.77 0.76** 0.19 0.41  0.86*** 0.19 0.46  1.25*** 0.21 0.76 0.51* 0.17 0.29 0.57** 0.14 0.34  1.02*** 0.17 0.71
“Concerns" 1F-2S 0.04 0.12 0.02 0.51* 0.17 0.33 0.09 0.12 0.05 0.49* 0.16 0.35 0.06 0.10 0.04 0.52** 0.14 0.42
2F-1S 0.46 0.17 0.31 039 0.15 0.29 0.45** 0.12 0.38
OF-0S -2.38*** 022 1.36  -3.38*** (0.21 2.17 -3.34*** 022 2.04 -3.57*** (.21 2.36  -2.33*** 0.22 1.30 -3.27***(0.20 2.09 -3.22*** (.22 1.98 -3.50*** 0.20 2.34  -2.11***0.22 113 -2.77***0.21 1.64 -2.79***(0.23 1.60 -3.06*** 0.21 1.88
Facet 2: OF-3S -1.00%** 0.19 0.51 -0.96*** 0.19 0.47 -1.19*** 0.23 0.63 -0.94*** 0.19 050 -0.89*** 0.18 0.45 -1.17*** (.21 0.63 -0.66*** 0.16 0.35 -0.68*** 0.15 0.34 -0.95*** 0.19 0.53
“Not worried"  1F-2S 0.04 0.11 0.03 -0.19 0.5 0.12 0.05 0.10 0.04 -0.23 0.16 0.14 -0.02  0.08 <0.01 -0.29 0.15 0.18
2F-1S -0.23  0.15 0.15 -0.28  0.15 0.18 -0.27  0.15 0.18
OF-0S -1.16*** 0.18 0.78 -2.38*** (0.22 1.45 -2.48*** 022 148 -2.62*** (.21 1.58 -1.34*** 0,19 0.84 -2.50***0.21 151 -2.55***0.21 151 -2.70*** 021 1.61 -1.43***0.19 0.74 -2.35***(0.21 1.27 -2.37***(0.21 1.27 -2.53***(0.20 1.32
Facet 3: 0F-3S -1.22*%**0.19 0.57 -1.32***0.19 0.60 -1.46*** 0.22 0.65 -1.16*** 0.18 0.55 -1.21***0.17 0.56 -1.36*** 0.21 0.62 -0.93*** 0.16 0.45 -0.95***0.15 0.44 -1.11*** (.21 0.51
"On time" 1F-2S -0.10 0.08 0.03 -0.23 0.17 0.08 -0.05 0.06 0.03 -0.20 0.17 0.07 -0.02 0.06 0.02 -0.18 0.16 0.06
2F-1S -0.14 0.18 0.04 -0.15 0.17 0.05 -0.16 0.16 0.05
Remaining Range Remaining Range Remaining Range
60 65 70
Condition OF-3S 1F-28 2F-1S 3F-0S OF-3S 1F-2S 2F-1S 3F-0S OF-3S 1F-2S 2F-1S 3F-0S
Mdiff  SE d Mdff  SE d Mdff  SE d Mdff  SE_ d Mdff  SE d Madiff  SE d Mdff  SE d Madiff  SE d Mdiff  SE d Mdiff  SE d Mdiff  SE d Mdiff  SE d
OF-0S 1.80*** .19 0.95 2.25*** 20 127 2.31*** 20 1.33 2.69*** .19 1.88 1.30*** 0.17 0.73  1.68*** 0.18 1.05 1.74*** 0.18 1.13  1.96*** 0.19 141 0.85*** 0.14 0.59  1.09*** 0.15 0.81  1.14*** 0.16 0.86 1.26*** 0.16 1.03
Facet 1: OF-3S 0.45 .165 0.26 0.52** 0.14 0.30  0.89*** 0.17 0.70 0.38 0.15 0.29 0.44** 0.13 0.35 0.66*** 0.15 0.59 0.24 0.12 0.22 029 0.12 0.27 0.41** 0.10 0.44
"Concerns” 1F-2S 0.06 0.10 0.04 0.43* 0.13 0.44 0.06 0.09 0.06 028 0.11 0.30 0.05 0.07 0.06 0.18 0.08 0.24
2F-1S 0.37* 0.12 0.41 0.22 0.10 0.29 0.12  0.07 0.17
OF-0S -1.57*** 022 0.81 -2.13***(0.23 1.18 -2.07***0.24 113 -2.38*** (.23 1.41  -1.25***0.19 0.70 -1.76***0.19 1.11 -1.63***0.21 0.96 -1.75***0.21 1.08 -0.71*** 0.17 0.48 -1.01*** 0.15 0.74 -0.96*** 0.17 0.67 -1.04*** 0.18 0.75
Facet 2: OF-3S -0.57** 0.16 0.32 -0.51* 0.15 0.27 -0.81*** 0.16 0.50 -0.52** 0.15 0.24 -0.38* 0.13 0.24 -0.50* 0.15 0.34 -0.30 0.12 0.25 -0.25 0.12 0.19 -0.33  0.12 0.27
“Not worried" 1F-2S 0.06 0.08 0.05 -0.25 0.14 0.17 013 011 011 0.02 0.12 0.01 0.05 0.08 0.06 -0.03 0.11 0.03
2F-1S -0.31 0.14 0.23 -0.12  0.14 0.10 -0.08 0.13 0.08
OF-0S -1.18***0.20 0.57 -1.87***0.21 0.94 -1.92***0.22 0.95 -2.06***0.21 1.07 -0.88*** 0.17 0.46 -1.54***0.20 0.95 -1.44*** (.20 0.78 -1.50*** 0.18 0.89 -0.53* 0.16 0.32 -0.90*** 0.16 0.65 -1.00*** 0.16 0.70 -1.02*** 0.16 0.77
Facet 3: OF-3S -0.69*** 0.15 0.32  -0.73*** (.16 0.32 -0.88*** 0.18 0.43 -0.66** 0.17 042  -0.55** 0.16 0.29 -0.61** 0.17 0.38 -0.37 015029 -0.47** 0.13 0.35 -0.49* 0.15 0.41
“On time" 1F-2S -0.04 0.07 0.02 -0.19 0.2 0.10 011 0.16 0.13 0.05 0.13 0.05 -0.10 0.08 0.06 -0.18 0.12 0.12
2F-1S -0.15 0.12 0.09 -0.05 0.12 0.08 -0.02_ 0.09 0.06
Remaining Range Remaining Range Remaining Range
75 80 85
Condition OF-3S 1F-2S 2F-1S 3F-0S OF-3S 1F-2S 2F-1S 3F-0S OF-3S 1F-2S 2F-1S 3F-0S
Mditt  SE d Maditt  SE d Maditt  SE_ d Mt SE  d Maditt  SE d Mditt  SE d Maditt  SE_d Mdift  SE d Mt SE d Mditt  SE d Mt SE d Mditt  SE d
OF-0S 0.45** 0.12 040 0.56*** 0.12 0.50 0.60*** 0.13 0.55 0.69*** 0.13 0.69 0.31* 0.10 0.35 0.29* 0.10 0.30 0.29* 0.11 0.30 0.38** 0.10 0.45 0.12 0.09 0.15 0.12 0.09 0.15 0.12 0.10 0.15 021 0.09 0.31
Facet 1. OF-3S 0.10 0.09 0.10 0.14 0.09 0.16 0.24* 0.08 0.30 -0.02 0.06 0.01 -0.01 0.06 0.03 0.07 0.04 0.12 <0.01 0.06 <0.01 <.0.01 0.06 <0.01 0.09 0.05 0.19
"Concerns" 1F-2S 0.04 0.07 0.05 0.13 0.07 0.19 0.01 0.07 0.01 0.09 0.06 0.14 <0.01 0.08<0.01 0.09 0.05 0.19
2F-1S 0.09 0.06 0.14 0.08 0.06 0.11 0.09 0.06 0.19
OF-0S -0.37 0.14 0.33  -0.50*** 0.12 0.44 -0.46* 0.14 0.39 -0.49* 0.15 0.41 -0.20 0.12 0.20 -0.29* 0.10 0.31 -0.24 012 0.23 -0.27 013 0.27 -0.08 0.10 0.08 -0.17  0.09 0.19 -0.08 0.11 0.09 -0.11 011 0.11
Facet 2: OF-3S -0.12  0.09 0.08 -0.09 0.08 0.08 -0.11 011 011 -0.09 0.07 0.10 -0.04 0.08 0.04 -0.07 0.10 0.07 -0.08 0.06 0.11 <0.01 0.06 <0.01 -0.03 0.10 0.03
"Not worried" 1F-2S 0.03 0.08 0.04 0.01 0.10<0.01 0.05 0.08 0.05 0.02 0.09 0.01 0.08 0.08 0.10 0.05 0.08 0.06
2F-1S -0.02  0.11 0.03 -0.03  0.11 0.04 -0.03 0.11 0.03
OF-0S -0.36* 0.12 0.29  -0.48** 0.13 048 -0.50***0.11 0.50 -0.52** 0.14 0.51 -.010 0.08 0.10 -0.21 0.10 0.31 -0.18 0.08 0.20 -0.18 0.10 0.26 -0.04 0.07 0.05 -0.13  0.09 0.25 -0.12  0.07 0.17 -0.09 0.09 0.17
Facet 3: OF-3S -0.13 0.11 0.16 -0.14 0.09 0.13 -0.16 0.10 0.21 -0.12  0.09 0.15 -0.09 0.06 0.09 -0.09 0.08 0.15 -0.09 0.07 0.20 -0.07 0.05 0.11 -0.04 0.06 0.11
“On time" 1F-2S -0.01 0.06 0.03 -0.03 0.10 0.06 0.03 0.06 0.05 0.03 0.09 0.03 0.01 0.05 0.01 0.04 0.08 0.07
2F-1S -0.02  0.08 0.05 <.0.01 0.07<.0.01 0.03  0.06 0.02
Remaining Range
90
Condition OF-3S 1F-2S 2F-1S 3F-0S
Maditt  SE d Maditt  SE d Maditt  SE d Mt SE d
OF-0S 0.07 0.08 0.09 -0.01 0.11 0.01 0.05 0.09 0.06 0.10 0.08 0.15
Facet 1. OF-3S -0.07 0.08 0.11 -0.02 0.06 0.03 0.03 0.03 0.06
"Concerns" 1F-2S 0.05 0.09 0.07 0.10 0.08 0.16
2F-1S 0.05  0.05 0.09
OF-0S -0.03 0.10 0.04 -0.10 0.08 0.14 -0.02 0.11 0.04 -0.10 0.09 0.15
Facet 2: OF-3S -0.07 0.05 0.10 0.01 0.06 0.01 -0.07 0.09 0.11
"Not worried" 1F-2S 0.08 0.08 0.11 <0.01 0.06 <0.01
2F-1S -0.08  0.09 0.12
OF-0S 0.02 0.07 0.01 -0.05 0.06 0.18 -0.04 0.06 0.10 0.02 0.08 0.04
Facet 3: OF-3S -0.06 0.06 0.17 -0.05 0.04 0.13 <0.01 0.06 <0.01
"On time" 1F-2S 0.01 0.04 0.04 0.06 0.06 0.10
2F-1S 0.05 0.06 0.05
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5. General Discussion and Conclusion

In the present study, we aimed to investigate a wide range of driving range safety and anxiety
issues with specific scenarios of varying qualities of e-mobility infrastructures available in order
to test for optimized equipment with different types of charging system; fast-and-expensive as
well as slow-and-cheap stations. Such considerations had to be coordinated with the fine-graded
selection of preferred and optimized locations of charging stations (Asamer, Reinthaler,
Ruthmair, Straub, & Puchinger, 2016), especially for city centers (Ghamami, Nie, & Zockaie,

2016).

To test our research questions in a multi-faceted way, we developed the so-called Safe-
Range-Inventory (SRI), a scenario-based multidimensional assessment tool based on previous
considerations on bi-axial grid measurements in general and, in particular, on the Response
Grid introduced by Franke et al. (2015). Although the SRI shows some overhead for instruction
at the beginning of testing, it then supports in the following a very efficient and reliable method

of collecting complex datasets for different scenarios.

Utilizing the SRI we revealed the following most intriguing findings: 1) The ability of
fast-charging can decrease range anxiety by giving EV users the possibility of faster recharge
cycles that fit their psychological needs 2) There are certain cut-off points which we have to
bear in mind in which anxiety drastically increases within a very narrow band of remaining
driving ranges, 3) There are certain configurations of charging stations which offer a very good

balance between cost and range safety.

Regarding the cut-off points, we revealed dramatic increases from low to high safety
concerns (here defined as a delta of 2 points on the y-axis) just within a narrow band of about

15 km of remaining driving range. These cut-off-points, in which the psychological effects of
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anxiety arise, must be addressed in a couple of fields related to e-mobility, e.g. reserve energy
indicators, but also when we think of the general density of charging stations. Certainly, the
specific technology of EVs requires more complex considerations than those typical for fuel-
based vehicles, as weather and light conditions do affect mobility aspects much more in EVs
and because charging stations are much less flexible in their use than ordinary fuel stations

where far more alternatives are available and faster fueling times can be achieved.

Regarding the specific configurations of charging stations, we found out that the
addition of just one fast-charging station to the portfolio of 3 stations substantially increases
safety feelings. However, the addition of further fast-charging stations does not increase such
safety feelings in a significant way. As the installation and maintenance of fast-charging stations
— at least up to now — have meant a fundamental increase in cost, a well-balanced mixture of
fast and slow charging stations is mandatory in at least two aspects: 1) to be able to establish an
accessible, reliable and also global infrastructure of stations very soon, and 2) to ensure the
cost-efficient operation of such an infrastructure. Both aspects are essential for high acceptance

and, consequently, for a high adoption rate of e-mobility activities.

6. Outlook

In the present paper, we have demonstrated the usability and meaningfulness of multi-
faceted assessment tools for examining the range safety and anxiety aspects involved in
optimizing the use of fast-charging stations. To plan and optimize tangible and more global
charging infrastructures, the Safe-Range-Inventory (SRI) has to be used with concrete scenarios
addressing specific concerns, for instance neuralgic locations and constellations in metropolitan
areas, specific concerns for fast and effective long-distance traveling on major highway systems
or specific problems with less densely populated areas of the countryside. In order to be helpful
for local authorities, the authors will provide all materials and information upon request to any

institution. Future research has to address further modification of the study design by varying
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details of the scenarios (e.g., different route length), including non-EV users. To test for gender-
or age-specific effects we should also use matched samples; another promising factor to be
included in future studies might be the level of experience and expertise and certain personality
factors which might adapt the attitude and behavior of participants. In doing so, the SRI can be
applied to a broader range of prospective EV users, modified to greater ranges and transformed
into a charger network design recommendation. Although we acknowledge that that the
perceived range anxiety might also depend on an interaction of other factors like charging costs
(Flores et al., 2016) as well as battery erosion, we hope that the SRI will help to support the

major goal of e-mobility:

To ensure less pollution, more intelligent and flexible mobility, simpler and thus more easily

maintained infrastructures, and — last but not least — cost-efficiency for the users.
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APPENDIX A
Condition Remaining Range
45-50 50-55 55-60 60-65 65-70 70-75 75-80 80-85 85-90
M diff SE d M diff SE d M diff SE d M diff SE d M diff SE d M diff SE d M diff SE d M diff SE d M diff SE d
OF-0S 0.30** 0.07 0.23 0.56*** 0.08 0.36 0.85*** 0.10 047 0.78*** 010 042 0.73*** 0.09 0.42 0.57*** 0.08 0.39 0.31*** 0.07 0.26 0.20** 0.05 0.2 0.09 0.04 011
Facet 1: OF-3S 0.32* 0.09 0.15 0.40** 0.10 0.20 0.27** 0.07 0.5 0.28* 0.08 0.17 0.28** 0.07 0.20 0.18 0.06 0.16 017 0.06 0.02 010 0.02 0.03 0.04 0.03 0.07
“Concerms" 1F-2S 021 007 011 014 0.05 0.09 022 0.08 014 021 0.08 0.15 013 0.06 0.13 0.04 0.02 0.05 0.04 0.03 0.05 0.03 0.02 0.04 -0.03 0.02 0.04
2F-1S 026 0.08 0.5 011 0.06 0.07 022 0.08 0.15 021 009 018 012 006 0.12 0.03 0.02 0.04 001 001 0.01 0.02 0.02 0.03 0.02 0.02 0.02
3F-0S 019 007 014 0.18 0.07 0.16 013  0.07 0.16 0.05 0.03 0.09 0.03  0.02 0.06 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.03  0.03 0.06 -0.02  0.02 0.05
OF-0S -0.27** 0.07 0.20 -0.59*** 0.09 0.36 -0.87*** 0.12 047 -0.71*** 0.09 0.37 -0.84*** 011 047 -0.58*** 0.09 0.39 -0.25*** 0.05 0.21 -0.19** 0.05 0.19 -0.10 0.04 012
Facet 2- OF-3S -0.22*  0.06 0.10 -0.37** 0.09 0.17 -0.32** 0.08 0.16 -0.39** 0.09 0.22 -0.30** -0.07 0.21 -0.24  0.07 0.20 -0.08 0.03 0.08 -0.07  0.03 0.09 -0.05 0.03 0.07
“Not worried” 1F-2S -0.16  0.05 0.09 -0.09 0.04 0.05 -0.23** 0.06 0.14 -034 011 024 -0.08 0.03 0.08 -0.06 0.03 0.07 -0.05 023 0.07 -0.06 003 0.10 -0.04 0.02 0.10
2F-1S -0.14 005 0.08 -0.17  0.07 0.09 -0.14 0.04 0.09 -027 009 0.8 -0.17 007 0.13 -0.08 0.04 0.09 -0.03 0.02 0.03 -0.03 0.02 0.04 -0.04 02 0.04
3F-0S -020 009 0.1 -0.16  0.06 0.10 -0.19  0.07 013 -0.08  0.03 0.06 -0.13 005 0.12 -0.02  0.02 0.02 -0.04 003 0.04 -0.03  0.02 0.03 -0.09 0.06 0.13
OF-0S -0.13 005 0.10 -0.53*** 010 0.37 -0.90*** 0.13 0.50 -0.92*** 011 048 -0.86*** 0.11 0.49 -0.59*** 0.10 0.41 -0.37*** 0.08 0.34 -0.13 004 0.14 -0.12 005 0.19
Facet 3: OF-3S -0.31*** 0.07 0.15 -0.62*** 011 031 -0.66*** 0.11 0.32 -0.62*** 011 0.32 -0.51*** 0.09 0.31 -0.42** 0.11 037 -0.11 004 011 -0.07 0.03 0.10 -0.06 0.03 0.08
“On time" 1F-2S -0.25*** 0.05 0.13 -0.38*** 0.08 0.19 -0.43*** 0.08 0.22 -0.59*** 014 0.37 -0.22 010 0.19 -0.17 0.06 0.18 -0.10 003 0.14 -0.04 0.02 0.09 -0.04 002 014
2F-1S -0.20** 0.05 0.09 -0.35*** 0.08 0.18 -0.45*** 0.10 0.23 -0.44** 0.11 0.27 -0.43** 0.11 0.33 -0.09 0.04 0.09 -0.05 0.02 0.08 -0.06 003 011 -0.04 0.02 0.07
3F-0S -0.21*** 0.05 0.11 -0.36** 0.08 0.19 -0.44*** 0.09 0.24 -0.34**  0.08 0.22 -0.39** 0.10 0.34 -0.09  0.03 0.09 -0.03  0.02 0.05 -0.03 002 0.04 -0.02  0.02 0.03

***p<.001, ** p <.01, * p <.05 (Bonferroni corrected).



